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The existence of light sterile neutrinos in the eV mass range with relatively large mixing angles
with the active neutrinos has been proposed for a variety of reasons, including to improve the fit to
the LSND and MiniBooNE neutrino oscillation experiments, and reactor disappearance experiments.
In ref. [1], it was shown that neutrino mixing with a heavier sterile neutrino, in the mass range
between 33 eV and several GeV, could significantly affect and improve the agreement between
neutrino oscillation models with light sterile neutrinos and short baseline experimental results,
allowing for a new source of CP violation in appearance experiments and for different apparent
mixing angles in appearance and disappearance experiments. However in refs. [2] and [3] it was
shown that various collider experiment, supernovae, and cosmological constraints can eliminate
most of the parameter region where such a heavy sterile neutrino can have a significant effect on
neutrino oscillations. In this paper we consider the effects of allowing a new light scalar in the
MeV mass region, which is a potential dark matter candidate, to interact with the sterile neutrinos,
and show that the resulting model is a consistent theory of neutrino oscillation anomalies and dark
matter which can also potentially explain the INTEGRAL excess of 511 keV gamma rays in the
central region of the galaxy.
I. INTRODUCTION
Sterile neutrinos–neutrinos which do not have standard
model electroweak interactions, could mix with the ac-
tive neutrinos and affect neutrino oscillation experiments.
Several anomalies, such as the excesses of electron an-
tineutrinos observed at the LSND [4] and MiniBooNe [5–
7] short baseline neutrino oscillation experiments, the ex-
cess of electron neutrino candidate events observed at
MiniBooNE, the Antineutrino Reactor Anomaly [8, 9]
have been interpreted as evidence for sterile neutrinos.
An additional light state also can improve the fit to CMB
and nucleosynthesis cosmology [10–16]. A minimal model
with one sterile neutrino, “ν4” in the eV mass range, the
so-called 3 + 1 model, does not give a good fit to all the
short baseline neutrino oscillation data [17, 18]. More de-
tailed studies and various cosmological and collider con-
straints have also been investigated in the paper [2] and
it turns out no allowed parameter space has been found
for mixing angles between the sterile neutrinos and ac-
tive neutrinos large enough to fit the LSND and Mini-
BooNe results. The addition to the 3 + 1 model of a
sterile neutrino, “ν5”, which is heavier than 33 eV, the
“3+1+1 model” [1], is interesting in that even though os-
cillations involving such a heavy neutrino have an unob-
servably short wavelength, after averaging over the short
wavelength oscillations the effective theory still allows for
significant CP violation in appearance experiments and
furthermore allows for the effective mixing angles govern-
∗Electronic address: jinruih@lanl.gov
†Electronic address: aenelson@u.washington.edu
ing the oscillation amplitudes to be different in neutrino
oscillation appearance and disappearance experiments.
However, combing the data from Planck [19], nine year
WMAP [20, 21] measurements, Baryon acoustic oscil-
lations (BAO) [22–26] and the high-resolution ground-
base CMB experiments: Atacama Cosmology Telescope
(ACT) [27] and South Pole Telescope (SPT) [28], the re-
cent PLANCK results [29] report the effective number of
relativistic degrees of freedom Neff = 3.30
+0.54
−0.51 at the
95% confidence level (CL), which is consistent with three
SM neutrino species, and an upper limit of 0.23 eV for
the summed active neutrino masses. While including ad-
ditional data from the direct measurements of the Hubble
Constant H0 [30], the effective number of neutrino favors
a higher value as 3.52+0.48−0.45 at the 95% CL. Nevertheless,
there is still room for one additional sub-eV light sterile
neutrino with relatively large mixing angle with active
neutrinos (m ∼ 0.6 eV), allowed by PLANCK [29]. In
addition, a potential problem with a heavy sterile neu-
trino was pointed out in references [2] and [3] where it
was argued that supernovae, nucleosynthesis, muon de-
cay, and collider experiments constrain ν5 to have a mix-
ing angle with the active neutrinos which is too small
to significantly impact short baseline neutrino oscillation
phenomena [4–7].
In this paper we examine the effects of allowing the
sterile neutrinos to have significant interactions with a
light (∼ MeV) scalar. Light particles in the few MeV
range have been proposed as part of a dark matter sector
[31–34] and to explain the INTEGRAL (INTErnational
Gamma-Ray Astrophysics Laboratory) excess of 511 keV
gamma rays in the central region of the galaxy [35] .
Specifically, we introduce a Yukawa interaction between
the two sterile neutrinos (∼ λν4ν5φ, λ is the coupling and
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2φ is the singlet scalar), and assume that ν5 is heavier than
the lighter sterile neutrino and φ field and can decay into
the other invisible states (ν5 → ν4φ). The mass region
of. m5 > mpi−mµ ∼ 34 MeV and m5 <∼ 1 MeV has been
ruled out by various experiments shown in [2]. Within
the mass region of m5 ∼ [1, 34] MeV, the short lifetime
for ν5 can allow consistency with nucleosynthesis con-
straints. Although ν4, ν5 and φ all copiously produced
in supernovae, if the interaction between them is large
enough then all three of these new particles have short
mean free paths in a supernovae and so the supernovae
energy loss is dominated by standard model active neu-
trino emission.
The φ particle lifetime is very long, typically longer
than the age of the universe, so it makes an interesting
candidate for dark matter. With a mass in the MeV re-
gion, φ annihilation or decay into e+e− pairs can also
explain the 511 keV gamma line observed by INTE-
GRAL [36]. Dark matter annihilation into e+e− pair
via the heavy charged particle exchange or via a new
gauge boson was studied in ref. [31, 37, 38]. For the sim-
ple case of light dark matter annihilating into the elec-
tron pair, to fit the 511 keV INTEGRAL gamma line as
well as the continuum photon energy spectrum [39], the
dark matter mass needs to be within the ∼[1, 30] MeV
range. Additionally, the dark matter mass needs to be
less than 20 MeV, otherwise, the internal bremsstrahlung
with positron production can violate the COMPTEL and
EGRET diffuse gamma-ray observation [40]. More strin-
gently, because it can also affect the fine structure con-
stant, there is an upper bound 7 MeV on the mass of the
dark matter particle [41]. Besides, the positron injection
energy must be less than 3 MeV so that the gamma-ray
spectrum from the positron inflight annihilation can be
consistent with the diffuse Galactic gamma-ray data [42].
In the 3 + 1 + 1 model, the φ particle mostly annihilates
into sterile neutrinos and without introducing additional
new interactions between the φ field and electron, while
mφ > 2me, φ can decay into the electron and position
pairs at the loop level and further explain the 511 keV
INTEGRAL gamma line [34]. Therefore, we are inter-
ested in the dark matter mass region of [2me, m5 −m4]
∼ few MeV.
The letter is organized as following. In Sec. II, we de-
scribe the 3 + 1 + 1 model in this letter and in Sec. II, we
search for the allowed parameter region which can avoid
constraints from BBN and the supernovae SN1987A ob-
servations. We discuss the dark matter φ fields annihilat-
ing into sterile neutrinos and decaying into electron pairs
and further explain the INTEGRAL 511 keV gamma-ray
line in the Sec. IV. How to generate the realistic mass hi-
erarchy and mixing for all of the SM fermions and sterile
neutrinos through the U(1)′ family symmetry is illus-
trated in the Sec. V. We conclude in the Sec. VI.
 
FIG. 1: The cartoon picture illustrates the components
of the dark sector and the interaction between the dark
sector and visible sector. The box on the left is the dark
sector while the box on the right represents the visible
sector. The dark sector and visible sector interacts
through the mixings shown as the cross symbol.
II. MODELS
Typically, sterile neutrinos are assumed to interact
only via their mixing with active neutrinos. Here we
consider the 3 + 1 + 1 framework with an additional light
scalar coupled to the sterile neutrinos. The Lagrangian
corresponding to the new interaction is,
Lφ = λφνs1ν¯s2 + h.c. , (1)
where νs1, νs2 are the additional sterile neutrinos in the
gauge basis and dominant constituents of the ν4 and ν5 in
the mass basis. We will use the approximation ∼ λφν4ν5
in the mass basis in the following sections. Effectively,
φ , νs1 , νs2 stay in the dark sector and interact with our
visible sector through neutrino mixing. It is depicted in
the cartoon picture Fig. 1. In the dark sector, ν5 can
decay invisibly through ν5 → ν4φ with the decay width
of,
Γinvν5 '
1
16pi
λ2m5 , (2)
and the light particles ν4 , ν5 and φ also scatter among
themselves.
III. EXPERIMENTAL CONSTRAINTS
A. BBN bound
In the mass region m5 ∼[1, 34] MeV, the decay prod-
ucts of the ν5 → νa + e+ + e− can modify the He-
lium relic abundance. It puts stringent bounds on the
lifetime of ν5, which is τ5 > t1m
β
5 + t2 where t1 =
1699, t2 = 0.0544, β = −2.652 for ∆N = 1 and
t1 = 1218, t2 = 0.0513, β = −2.658 for ∆N = 0.2 [43–
45]. The decay width of ν5 → νa + e+ + e− is,
Γeeν5 '
(
m5
10MeV
)5
s22θe5~
0.7
, (3)
in which s2θe5 ≡ sin 2θe5. Taking the invisible decay into
account, the constraint on the lifetime of ν5 further re-
quires,
~
Γinvν5 + Γ
ee
ν5
< t1
( m5
MeV
)β
+ t2 , (4)
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FIG. 2: The constraint on the λ coupling in the mixing
angle θe5 (in radiant) space with fixed m5 = 10 MeV,
and above the curve region, there is no constraint on
the λ coupling.
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FIG. 3: The constraint on the λ coupling in the mass
m5 (in MeV) space, and above the curve region with
fixed mixing angle sin θe5 = 0.1, there is no constraint
on the λ coupling.
and,
1
16pi~
λ2m5 >
1
t1
(
m5
MeV
)β
+ t2
− s
2
2θe5
0.7
( m5
10MeV
)5
, (5)
which means,
λ > 1.8× 10−10
√√√√√ 1t1( m5MeV )β+t2 − s22θe50.7 ( m510MeV)5(
m5
MeV
) . (6)
The requirements on the λ coupling can be further illus-
trated in the Fig. 2 and Fig. 3. In Fig. 2, the mass of ν5 is
fixed to be m5 = 10 MeV, and it shows the mixing angle
θe5 dependence while in Fig. 3, the mixing angle θe5 is
fixed by sin θe5 = 0.1 and it demonstrates the mass m5
dependence. Beyond the blue curve region, there is no
constraint on the coupling λ and note that the constraint
on λ from BBN is very weak.
B. SN1987A bound
The supernovae SN1987A observation of the neutrino
energy emission puts strong bounds on the new particles
interacting with active neutrinos [46, 47]. The region of
gmin < g < gmax (g is the coupling of the new interaction)
has been ruled out and the lower bound gmin origins from
the total volume energy emission from the new particles
while the gmax comes from the blackbody surface emis-
sion rate. With no additional Yukawa interaction λφν4ν5,
and the sterile neutrinos interact with the active neutri-
nos through mixings only, for the lighter sterile neutrino
ν4, the bound can be avoided due to the MSW resonance
effects [47]. For the heavier sterile neutrino ν5 and the
φ field, there are both the lower and higher bounds on
the mixing angles with the active neutrinos. The domi-
nant interaction of the sterile neutrino ν5 is the collision
with nuclei through the mixing and the interaction rate
is ΓNν5 = nN 〈σNν5〉 with 〈σNν5〉 = P (νa → ν5) 〈σNνa〉
where nN is the nuclei number density in the supernovae,
〈σNν5〉 is the average collision cross section of ν5 and the
nuclei while the P (νa → ν5) is the oscillation probability
between the active and sterile neutrinos, therefore,
ΓNν5 '
(
1
2
sin2 2θm
)
× 7.5G
2
F 〈E〉2
pi
ρ
mp
, (7)
where θm is the mixing angle between the ν5 and νe in
the nuclear matter, GF is the Fermi constant, 〈E〉 is the
average energy and we take 〈E〉 = 100 MeV and the
supernovae core density ρ = 8 × 1017kgm−3 while mp is
the proton mass. Equivalently, the interaction length of
ν5 in the supernovae is,
`ν5 ' 0.1m
(
100MeV
〈E〉
)2(
ρc
ρ
)
1
sin2 2θm
. (8)
in which ρc = 2.6 × 1017kg m−3 is the nuclear matter
density. If the mixing angles between the sterile neu-
trino and active neutrinos are small, the sterile neutrino
can escape the supernovae core (∼ 10 km). The to-
tal energy loss rate over the whole volume requires that
sin2 2θm ≤ 7 × 10−10 [47]. On the other hand, if the ν5
is trapped inside the supernovae core, it radiates energy
at its surface which is proportional to T 4R2 where T is
the temperature and R is the radius of the ν5 surface
inside the supernovae core and it thus is proportional to√
`ν5 . If `ν5 is larger than ∼ 1.5m, it radiates too much
energy and cools the supernovae too quickly and there-
fore it requires the mixing angle sin2 2θm ≥ 2×10−2 [47].
The region of 7× 10−10 ≤ sin2 2θm ≤ 2× 10−2 has been
ruled out and similar but relaxed bounds exist for both
νµ and ντ due to the fact that only neutral current in-
teractions involved for νµ and ντ neutrinos. It means
1.5m ≤ `ν5 ≤ 4.6 × 104 km is ruled out, which can be
generalized to other particles as well. Hence, no allowed
parameter space to fit the LSND and MiniBooNe data.
With the additional interaction λφνs1νs2, the interac-
tion lengths for the ν4 , ν5 and φ can be short enough
that they are trapped inside the supernovae core ∼1.5m
by choosing proper λ couplings. The new interaction rate
of ν4 is,
Γν4 = ΓNν4 + Γ
dark
ν4 (9)
4where the ΓNν4 is the interaction between the ν4 and
background nuclei field and has the similar form as
Eq. (7) and the Γdarkν4 are the interactions through the
2 → 2 scattering process between ν4, ν5 and φ in the
dark sector. As for ν5, similarly to ν4, there are inter-
actions between ν5 and the nuclei as well as the 2 → 2
scattering in the dark sector. Additionally, ν5 can decay
into ν4, φ and νa, e
+, e−, therefore, the interaction rate
of ν5 is,
Γν5 = ΓNν5 + Γ
dark
ν5 + Γ
ee
ν5 + Γ
inv
ν5 . (10)
In terms of the φ field in the dark sector, the dominant
interaction is through the scattering with ν4 , ν5 in the
dark sector.
In order to trap all of the light particles from the dark
sectors to be within ∼ 1.5 m inside the supernovae core,
we can require that the interaction length of φ field `φ <∼
1.5m which is the longest interaction length among ν4, ν5
and φ. It leads to,
Γφ >∼ ΓNν5
∣∣∣∣
(sin2 2θm=2×10−2)
, (11)
where Γφ ' nν
(
λ4
〈E〉2
)
and ΓNν5 ' nN 12 sin2 2θmG2F 〈E〉2.
nν is the number density of the active neutrinos in the
supernovae core and the light particles from the dark
sector are in equilibrium with the active neutrinos. We
know the number density ratio is roughly nν/nN ' 0.05,
and it leads to,
nν
λ4
〈E〉2
>∼ nN
1
2
(
2× 10−2)G2F 〈E〉2 . (12)
After simplification, we arrive at,
λ >∼ 4
√
1
0.05
× 10−2 ×G2F 〈E〉 , (13)
therefore,
λ >∼ 2× 10−4 . (14)
On the other hand, the additional particles φ, ν4 and
ν5 scatter with the active neutrinos through the mixings
between the sterile-active neutrinos and it modifies the
mean free paths of the active neutrinos. If the interaction
lengths of the active neutrinos are too short, the cool-
ing time of the supernovae will be much longer than the
standard scenario [48]. Therefore, we further require the
scattering cross section between the new particle content
in the dark sector and the active neutrinos is smaller than
the scattering between the active neutrino and nucleon,
which is on the order of weak interaction.(
1
2
sin2 2θm
)2
nν
λ4
〈E〉2 ≤ nNG
2
F 〈E〉2 , (15)
therefore,
λ ≤ 4
√
4
nN
nν
G2F
〈E〉
sin θm
, (16)
and taking the mixing angle to be sin θm ∼ 0.1, it requires
λ <∼ 10−2. In summary, the allowed region of λ coupling
with the mixing angle sin θm ∼ O(0.1) is,
2× 10−4 <∼ λ <∼ 10−2 . (17)
IV. DARK MATTER
A. Dark Matter Relic Abundance
The dark matter φ field dominantly annihilates into
the ν4 pairs through the ν5 exchange and it is shown in
the Fig. 4. Using the non-relativistic limit and ignor-
ν¯4(p4)φ
∗(p2)
ν4(p3)
ν5(k1)
φ(p1)
FIG. 4: The φ field annihilation into the ν4ν¯4 pairs
through the t-channel ν5 exchange.
ing the mass of light sterile neutrino, m4, the velocity
averaged annihilation cross section through s-wave is,
σannvrel =
λ4
4pi
m25
(m2φ +m
2
5)
2
' 0.3
(
λ
10−3
)4(
10MeV
m5
)2
pb .
(18)
In order to generate the correct relic abundance, the rel-
ative velocity averaged annihilation cross section has to
satisfy,
σannvrel ' 0.2× xF√
g∗
(
Ωdmh
2
0.11
)−1
pb, (19)
in which xF = mφ/TF ∼ 12−19 for particles in the MeV-
GeV range and g∗ ∼ O(100) is the number of relativistic
degrees of freedom. Hence, the allowed range of λ with
m5 in [1, 34] MeV is,
λ ∈ [3× 10−4, 2× 10−3] . (20)
It is compatible with the BBN, supernovae SN1987A con-
straints.
B. 511 keV INTEGRAL Gamma Line
In addition, the φ field can decay into the light neutrino
pairs at tree level and at one loop, as well as the electron
pairs through a loop if mφ > 2me as is shown in Fig. 5.
Let us first calculate the decay width of the φ → e+e−.
5φ(p)
νs2(p2)
νs1(p1)
W (q)
e+(p1)
e−(p4)
FIG. 5: The φ field decays into the electron pairs
through the triangle loop diagram.
The amplitude of the triangle diagram in the Feynman-’t
Hooft gauge can be written as,
M '
∫
ddq
(2pi)d
u¯s3(p3)
g2W
2
(λ
∑
i,j
Us1iU
∗
eiU
∗
s2jUej) (21)
× γµPL p/1 +mi
p21 −m2i
(p/2 +mj)
p22 −m2j
γνPL
[
1
q2 −m2W
]
νs4(p4) ,
where PL ≡ 1−γ52 is the projection operator and p1 =
p3 + q, p2 = p4 − q, d = 4 −  ( → 0). It is sup-
pressed by the GIM cancellation mechanism, and the
dominant contribution is from the term mi = mj = m5
when |Us15|m5 > m4, so we have,
M '
(
g2W
2
)
λUs15U
∗
e5U
∗
s25Ue5m5meu¯
s3(p3) (22)
×
∫
ddq
(2pi)d
[
1
(p3 + q)2(p4 − q)2(q2 −m2W )
]
νs4(p4) ,
Through the rotational transformation, we obtain,∫
ddq
(2pi)d
1
[(p3 + q)2][(p4 − q)2][q2 −m2W ]
(23)
= 2
∫ 1
0
dx1dx2
∫
dd`
(2pi)d
1
[`2 −∆]3
=
∫ 1
0
dx1dx2
−i
(4pi)2∆
,
with the following definitions,
` = q + (x1p3 − x2p4) , (24)
∆ = m2W − (x1 + x2)(m2W −m25 +m2e)
+(x21 + x
2
2)m
2
e − x1x2(m2φ − 2m2e) .
Defining the integral
∫ 1
0
dx1dx2
−i
(4pi)2∆ ≡ I, we have I '
(2−3)×10−3GeV−4. The decay width is approximately,
Γφ→e+e− ' 10−50
(
λ
10−3
.
|Us15|
10−7
.
m5
10MeV
)2 ( mφ
1MeV
)
,
(25)
where we have used |U∗e5Ue5|2 ' 10−4 to be compatible
with various sterile neutrino anomalies and |Us25|2 ' 1.
In order to explain the 511 keV INTEGRAL gamma line,
the lifetime of the φ dark matter needs to roughly follow
τφ ' 1018 years [32], under the assumption of the NFW
dark matter density distribution, and more specifically,
ρDM (r) = ρ0 exp
{
− 2α
[(
r
r0
)α
− 1
]}
with the parameter
choice of r0 = 20h
−1 kpc, ρ0 being normalized by taking
ρ = 0.3GeV/cm3 at r = 8.5 kpc and α =0.1 or 0.2 [49,
50], which means, Γφ→e+e− ' 10−50 GeV and(
λ
10−3
.
|Us15|
10−7
.
m5
10MeV
)2 ( mφ
1MeV
)
∼ O(1) . (26)
Under the parameter choice of m5 ' 10 MeV, λ ' 10−3
and mφ ' 1 MeV, |Us15| ' 10−7, Eq. (26) can be satisfied
easily and |Us15|m5 > m4(' 0.5)eV.
Aside from the φ → e+e− through the triangle loop,
the φ field can further decay into the light neutrino pairs
(νiν¯i (i = 1, 2, 3, 4)) at the tree level through the active
and strerile neutrino mixings. The decay rates are,
Γνν ' 1
16pi
|Us1iU∗s2i|2λ2mφ (i = 1, 2, 3, 4) , (27)
which need to be highly suppressed in order to have the φ
field to be the dark matter candidate and explain the 511
keV INTEGRAL Gamma Line. More explicitly, Γνν <
10−50 GeV, and it further puts an upper bound on the
mixings. Now we can rewrite Γνν as,
Γνν ' 10−50
( |Us1iU∗s2i|
10−20
)2(
λ
10−3
)2 ( mφ
MeV
)
, (28)
and we can obtain |Us1iU∗s2i| < 10−20 for λ ' 10−3 and
mφ ∼ MeV. The φ field can also decay into the light
neutrino pairs through a loop which is similarly highly
suppressed and satisfies the constraints on the lifetime of
the φ field.
V. MASS HIERARCHY AND MIXING
The hierarchical mass structure of the sterile neutrinos
and the mixing angles between active and sterile neutri-
nos can be generated through many mechanisms [3, 51–
56]. Generically, without tuning, mixing angles among
Majorana neutrinos can be no larger than square roots
of mass ratios, however special textures can allow mass
hierarchies that are arbitrarily large with no constraints
on mixing. Mixing between active neutrinos and heavy
Dirac sterile neutrinos does not necessarily induce mass
for the light neutrino states, so we will assume our neutri-
nos are Dirac. We impose an additional U(1) symmetry,
which can generate the mass hierarchy and mixing an-
gles among all of the SM fermions as well as the two
sterile neutrinos. The U(1)′ gauge symmetry is broken
spontaneously at a high scale Λ, by the vacuum expecta-
tion value (VEV) of a flavon field η. All of the effective
6Yukawa matrices are generated through the higher di-
mensional operators,
Y effij =
(
Yij
η
Λ
)|qi+qj+qH |
=
(
Yij
)|qi+qj+qH |
, (29)
where η is the flavon field and qi, qj , qH are the U(1)
′
charges of the i-th, j-th generation of the fermions as well
as the Higgs respectively and  = 〈η〉Λ with the choice of
 ' 0.22, the Cabbibo angle. η′ with opposite U(1)′
charge of the η field is inserted instead of η field in the
higher dimensional operator when qi + qj + qH < 0. The
U(1)′ charges are normalized by qη = −1. With proper
charges for the fermions and scalars and O(1) coefficients
Yij tuning, a realistic mass hierarchy and weak mix-
ing matrix is obtained, via the Froggatt-Nielson mech-
anism [57]. Many examples can be found in [58–61] and
we will follow closely to [61], in which realistic Dirac
leptogenesis can also be realized naturally. The gener-
ation dependent broken U(1)′ gauge symmetry leads to
a massive gauge boson Z ′, and it is highly constrained
by the flavor changing neutral current (FCNC) experi-
ments and collider searches for the massive gauge boson
Z ′ [62, 63]. Hence, the U(1)′ breaking is at a very high
scale, which is also needed to generate the right amount
of baryon number asymmetry (BAU). The U(1)′ charges
are further simplified by embedded SU(5) symmetry and
we follow the conventions in [59], therefore, the up-type
quark masses can be generated by,
|qti+qtj+qH1 |10i10j5H1 , (30)
where qti , qtj denote the U(1)
′ charges of the i-th and
j-th generations of the 10 representation of the SU(5)
symmetry and qH1 is the U(1)
′ charge of the higgs field
5H1 (we use H1 in the following section). Similarly, the
down-type quark masses are determined by,
|qti+qfj−qH2 |10i5¯j 5¯H2 , (31)
and qfj is the U(1)
′ charge of the j-th generation of the 5¯
representation of the SU(5) symmetry and qH2 represents
the U(1)′ charge of the higgs field 5H2 (we use H2 in the
following section). So the textures of Yukawa matrices of
the up-type quark (Y u), down-type quark (Y d) and the
charged lepton Y e = (Y d)T are determined by the U(1)′
charges qt, qf , qH1 and qH2 . In the neutrino sector, it
is slightly more complicated, all active and sterile neu-
trinos are Dirac fermions, the Majorana mass terms are
forbidden by our U(1)′ charge assignments. We take the
2 component Weyl spinor notation in this section, the
three generations of the active neutrinos and its corre-
sponding right-handed partners and the sterile neutrinos
νs1 , νs2 in this letter can be expressed as,
νd,i ≡
(
νa,α
ν†α˙n
)
i
, νs,j ≡
(
νl,α
ν†α˙r
)
j
(
i = 1, 2, 3
j = 1, 2
)
.(32)
We choose the lepton number of νd,i and νs,j to be+1.
The neutrino masses are generated by coupling to scalar
fields with vevs, as described in the Lagrangian terms:
Mν = Y
an <Ξ>
Λ νaνn 〈H1〉+ Y arνaνr 〈H1〉 (33)
+Y lnνlνn 〈χ〉+ Y lrνlνr 〈χ〉+ h.c. .
The flavon field Ξ acquires a VEV upon the U(1)′ sym-
metry breaking and 〈Ξ〉Λ ∼ O(1). The flavon fields Ξ
and ξ with opposite U(1)′ charge of Ξ play an important
role in the Dirac Leptogenesis mechanism, as it is shown
in [61]. The neutrino Yukawa matrices are,
Y anij ' |qfi+qnj+qH1+qΞ| , (34)
Y arij ' |qfi+qrj+qH1 | ,
Y lnij ' |qli+qnj+qχ| ,
Y lrij ' |qli+qrj+qχ| .
in which qnj , qli and qrj are the U(1)
′ charges of the j-th
generation of νn, i-th generation of νl and j-th generation
of νr respectively and qΞ, qχ are the U(1)
′ charges of
the flavon field, Ξ and χ. The χ field gets a VEV vχ ∼
O(MeV) as the U(1)′ symmetry is broken. Consequently,
the mass matrix of all neutrinos can be written as,
Mν =
(
Y an <Ξ>Λ 〈H1〉 Y ar 〈H1〉
Y ln 〈χ〉 Y lr 〈χ〉
)
+ h.c. . (35)
Among the active neutrinos, the mixings are large and
it roughly follows the nearly Tri-bimaximal mixing with
non-zero θ13. However, the mixings between active and
sterile neutrinos are small. In order to fit anomalous neu-
trino experimental results such as LSND, MiniBooNE,
the mixings |Uei | (i = 4, 5) and |Uµi | (i = 4, 5) need to
be on the order of O(0.1). In addition, the decay channel
of φ → νiν¯i requires |Us1iU∗s2i| < 10−20 (i = 1, 2, 3, 4),
while |Us15| ∼ 10−7 − 10−5 is needed to explain the 511
keV INTEGRAL results. So the mixings between active
and sterile neutrinos as well as between two sterile neutri-
nos (as defined by the difference between the U(1) charge
basis and the mass eigenstate basis) are generated by an-
other mechanism, such as radiative corrections. There-
fore, the Yukawa matrices Y ar and Y ln as well as the Y lr12
and Y lr21 terms are forbidden with our designated U(1)
′
charges due to the fact that only the terms with the num-
ber of the inserted η field being integer are allowed.
Furthermore, we choose qφ = 0 so that the φ field
is a gauge singlet under the U(1)′ symmetry and the λ
coupling can be generated by the higher dimensional op-
erator,
λ ' |ql1+qr2 | ' |ql2+qr1 | . (36)
There are 17 free parameters in total by far. It can
be further reduced by anomaly cancellation conditions.
Given the simplified U(1)′ charge assumption inspired
by SU(5) GUT symmetry, the six anomaly cancellation
constraints relating to the U(1)′symmetry are reduced
7down to the following three,
[SU(5)]2U(1)′ :
3∑
i=i
(
1
2
qfi +
3
2
qti) = 0 , (37)
gravity− U(1)′ :
3∑
i=1
(5qfi + 10qti + qni) (38)
+
2∑
i=1
(qli + qri) = 0 ,
U(1)′3 :
3∑
i=1
(5q3fi + 10q
3
ti + q
3
ni) (39)
+
2∑
i=1
(q3li + q
3
ri) + q
3
exotic = 0 .
In this model, the mixed anomalies [SU(5)]2U(1)′ and
gravity − U(1)′ are cancelled among the SM fermions
and sterile neutrinos and the U(1)′3 anomaly is cancelled
with the additional heavy exotic fermions, which are SM
singlets. Inspired by the charge splitting parametriza-
tion [58], we parametrize the U(1)′ charge as following,
qt1 = − 13qf1 − 2a ,
qt2 = − 13qf2 + a+ a′ ,
qt3 = − 13qf3 + a− a′ ,
qn1 = x− 53qf1 − 2b ,
qn2 = x− 53qf2 + b+ b′ ,
qn3 = x− 53qf3 + b− b′ ,
and require ql1 + ql2 + qr1 + qr2 = −3x so that the
[SU(5)]2U(1)′ and gravity-U(1)′ conditions are automat-
ically satisfied.
Similarly to [61], we impose various relations among
the U(1)′ charges which are well-motivated by the ob-
served hierarchy and mixing patterns:
• little or no suppression in the corresponding mass
terms since the third generation of quarks, charged lepton
are heavy, we assume,
|2qt3 + qH1 | = 0 , |qt3 + qf3 − qH2 | = 2 . (40)
• in order to obtain nearly tri-bimaximal mixing pat-
tern in the neutrino sector, we also require,
qf2 = qf3 , |qf1 − qf2 | = 1 ,
qn2 = qn3 , |qn1 − qn2 | = 1 , (b = −8/9 , b′ = 0).(41)
• we choose a = −7/9 and a′ = 1 for the realistic quark
and charged lepton masses and mixings to be consistent
with experimental data.
• In order to generate the correct mass hierarchy for
neutrinos, we further require the suppression powers to
satisfy,
p22 = 20, p44 = 8, p55 = 0, (42)
in which Y νij ' ()pij . It can be converted into the re-
quirements on the U(1)′ charges, which are,
8
3 + x+ qΞ = 20, ql1 + qr1 + qχ = 8, (43)
3x− ql1 − qr1 + qχ = 0.
Field U(1)′ charge Field U(1)′ charge
5¯1 qf1 = −13/3 101 qt1 = 3
5¯2 qf2 = −16/3 102 qt2 = 2
5¯3 qf3 = −16/3 103 qt3 = 0
νn1 qn1 = 28/3 νr1 qr1 = 0
νn2 qn2 = 25/3 νr2 qr2 = −17/2
νn3 qn3 = 25/3 νl1 ql1 = 9/2
η qη = −1 νl2 ql2 = 5
H1 qH1 = 0 Ξ qΞ = 17
H2 qH2 = −22/3 χ qχ = 7/2
TABLE I: The U(1)′ charges of the particles in the
model.
• The coupling λ is also generated by the higher di-
mensional operator, therefore, we require,
ql2 + qr1 = 5, ql2 = ql1 +
1
2
. (44)
• By far, there is only one free parameter ql1 and we
further choose ql1 = 9/2 to obtain a relatively small cubic
anomaly from all SM fermions and additional neutrinos,
which means,
∑3
i=1(5q
3
fi
+10q3ti+q
3
ni)+
∑2
i=1(q
3
li
+q3ri) =
− 139 and it can be further cancelled by the additional
heavy exotic fields. With the U(1)′ charge assignments
summarized in Table I, it leads to the following effective
mass matrix for the up-type quarks,
Mu ∼
 6 5 35 4 2
3 2 0
 〈H1〉 , (45)
and the effective mass matrices of the down-type quarks
and thus charged leptons are given by,
Md '
 6 5 55 4 4
3 2 2
 〈H2〉 , (46)
and
Me ' (Md)T . (47)
The effective neutrino Dirac mass matrix is given by,
Man '
 22 21 2121 20 20
21 20 20
 〈H1〉 , (48)
M lr '
(
8 0
0 1
)
〈χ〉 .
After the proper O(1) coefficients tuning, all fermion
masses and mixing angles can be accommodated.
VI. CONCLUSION
We have shown in this letter that with the additional
interaction λν4ν5φ, we can avoid various collider and cos-
mological bounds such as supernovae SN1987A and BBN
8observation with a better fit to the LSND and MiniBooNe
results. The additional invisible decay ν5 → ν4φ can
eliminate the BBN bound, which is weak compared to
supernovae bound. The light particles in the dark sec-
tor scatter strongly among themselves so that they are all
trapped in the inner core of supernovae so as to avoid the
supernovae SN1987A bound. With the same additional
interaction, the φ field can naturally be our MeV dark
matter candidate and explain the 511 keV INTEGRAL
gamma line. Different from the mechanism that φ field
annihilates into SM fermion pairs through the light vec-
tor boson (U boson), the φ field dominantly annihilates
into the sterile neutrino ν4ν¯4 pair through the exchange
of the ν5. It gives rise to the correct relic abundance while
explain the 511 keV INTEGRAL gamma line naturally
through the dark matter decaying into the electron pairs
at the loop level. In addition, all fermions masses and
mixings can be naturally generated through the U(1)′
family symmetry with a bonus of the realistic Dirac Lep-
togenesis to explain the BAU.
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